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ABSTRACT

An introduction to the meteoroid hazard and the various methods
of meteoroid simulation is presented, The Materials Division light gas
gun and accessory third stage accelerator hypervelocity launcher is
compared to other facilities, A detailed description of the operation
and instrumentation of the Materials Division Meteoroid Simulation
Facility is presented. The results of firings to date are summarized
and the program and simulation capabilities of the facility are dis-
cussed,
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TECHNICAL MEMORANDUM X-53787

DEVELOPMENT OF THE MATERIALS DIVISION METEOROID SIMULATION FACILITY

I. SUMMARY

An introduction to the meteoroid hazard is presented. The various
methods used to simulate meteoroid impact are discussed and compared
with the capabilities of the Materials Division Meteoroid Simulation
Facility. A description of the Meteoroid Simulation Facility is pre-
sented, This description includes the basic light gas gun, the sabot
stripper, the accessory third stage accelerators, the range tank, and
the instrumentation. The results of the firings during the proof and
development phase of operation are summarized and discussed. The pro-
gram capabilities of the Meteoroid Simulation Facility are presented.

Simulation of meteoroid impact on specific spacecraft hardware is now
in progress.

II., INTRODUCTION

Spacecraft designers must anticipate many space environmental
factors which can affect the success and usefulness of any given mission,
Two of the important factors affecting the operating conditions and the
survival probability of a spacecraft are the meteoroid flux and the
solar flux of both charged particles and electromagnetic radiation,

The effects of the solar flux on the spacecraft are routinely con-
trolled by thermal control coatings and normally are not dependent on
the spacecraft size or the length of the mission, The effects of the
charged particle radiation are strictly cumulative, so the radiation
protection measures need to be increased for longer missions; but the
radiation effects normally are independent of spacecraft size. In con-
trast, the meteoroid environment is much more severe due to the fact
that penetration of a spacecraft by even one meteorold could be cat-
astrophic, For this reason the meteoroid protection measures must be
increased for either longer missions or larger spacecraft due to their
increased probability of interaction with meteoroids.

To design a spacecraft to a certain safety factor, a designer must
have knowledge of the meteoroid environment. The meteoroid environment
is described by the meteoroid velocity distribution and the meteoroid
mass distribution. It is generally believed that the mass and velocity
distributions are fully independent, This implies that any mass range
being studied has particles with the same velocity spectrum as all



other mass ranges,

The velocity distribution as gathered from photographic meteor
trail data [1] is shown in Figure 1, It can be seen that the velocity
extends from 11 km/sec (36,100 ft/sec) to approximately 70 km/sec
(230,000 ft/sec). The sharp cut-off at approximately 1l km/sec is due
to the velocity increment gained by falling into the earth gravitational
field., Meteoroids encountered in interplanetary space could have re-
lative velocities lower than this value. The smaller peak near 65
km/sec (214,000 ft/sec) is still in dispute. Many investigators
attribute this peak to instrumental bias and, therefore, try to eliminate
it in theoretical calculations. $Since all mass ranges have this same
velocity distribution, it is often sufficient to simplify calculations
by utilizing an average velocity. The average meteoroid velocity
recommended for spacecraft design criteria is 26.7 km/sec (87,600
ft/sec) [2].

When these extremely high meteoroid velocities are associated with
an impact the term hypervelocity is often used. Hypervelocity is a
property of materials and is defined as a speed faster than the speed
of sound in the material. For many materials hypervelocity begins at
about 5 km/sec (16,400 ft/sec). Above this velocity sound waves can no
longer dissipate the energy of impact and shock waves are set up in the
materials. The pressures behind the shock waves are sufficiently high
to liquefy and vaporize the material which then blows out and disperses
leaving a crater.

The mass flux distribution as compiled in Reference 1 is shown
in Figure 2, The large mass end of the curve comes from data on photo-
graphic meteor trails while the small mass end of the curve is defined
by data from the Pegasus spacecrafts and microphone detectors attached
to various other spacecraft,

The mass flux distribution can be used to predict the largest
meteoroid which can be expected for a given probability of mission
success, This is done by dividing the maximum acceptable penetration
probability by the product of the spacecraft area, the mission length,
and any applicable geometrical factors. The intersection of this
threshold £lux value and the mass flux distribution defines the largest
meteoroid which can be expected to impact the spacecraft during its
mission life, The spacecraft must then be designed to withstand impact
by a meteoroid of this mass.

A large number of experimental studies of single sheet impact by
hypervelocity projectiles have produced a fairly complete set of em~
pirical formulas for predicting penetration of different materials by
projectiles of varying density [3]. Unfortunately, these formulas show
that the larger meteoroids which can be statistically expected on



extended missions require prohibitively thick walls for the required
protection,

A weight saving has been found in the concept of a meteoroid
bumper. A meteoroid bumper is an exterior shell of some thickness and
composition separated from the spacecraft structural wall by varying
spaces of materials and/or vacuum. The effectiveness of any given
bumper design depends on several factors. One factor is the degree to
which the bumper can break up the meteoroid. It is desirable to vapor-
ize the meteoroid as much as possible. A second factor is the bumper
stand-off distance, It is desirable to have as large a stand-off
distance as possible to allow the vapor and liquid droplet cloud pro-
duced by the meteoroid to spread out over as large an area as possible.
A third factor is any layered structure such as thermal insulation
which is attached to the spacecraft wall, Because of impedance mis-
matches, the layered structure can attenuate the shock wave due to the
impact of the vapor and liquid droplet cloud and, thereby, make the
bumper more effective. The very large number of variables in bumper
configurations make it doubtful if a general bumper theory can be .
developed. At least for the present, each new bumper and insulation
configuration will require testing to determine its effectiveness in
protecting a spacecraft from meteoroids. To provide the experimental
support required for design activity the Materials Division developed
the Meteoroid Simulation Facility.

This need for meteoroid simulation to determine the penetration
probability of various spacecraft designs has been recognized for many
years. Several approaches have been taken to the problem of accelerating
projectiles to hypervelocities., In Table I are shown six types of
hypervelocity launchers which are or could be adapted to meteoroid
simulation., Also, given in the table are the respective velocity limit
and projectile description.

As shown earlier, the ideal velocity range for meteoroid simulation
would be from 11 km/sec to 25 km/sec. From Table I it can be seen that
shaped charge jets, electrostatic accelerators, and drag accelerators
can reach well into this velocity range. The electrostatic and the drag
accelerators have been used to simulate the surface erosion of space-~
craft by so-called micrometeoroids of microgram sizes and smaller. The
projectiles, however, cannot be made large enough to simulate pen-
etration of spacecraft walls.

Although the shaped charge jet hypervelocity launchers have a high
velocity, they are not used for meteoroid simulation because the jet of
material ejected is in a very elongated cylindrical shape which is not
useful as a meteoroid simulator. The exploding foil launchers also
have projectiles of very irregular shape making them unsuitable for
simulation for the same reason.



The light gas gun and the explosive drive are very similar with
respect to the type of projectiles and launching techniques. The dif-
ference lies in the mechanism used to produce the high pressure and high
temperature gases used to accelerate the projectile. The explosive
driver utilizes a detonation directed inwards to compress a gas whereas
a light gas gun uses a_relatively massive piston to compress a gas. The
velocity limit of the explosive drivers has only recently [4] been
raised above that for light gas guns. The increased velocity for the
explosive driver launchers is due to a development in staging ex-
plosions behind a projectile. The explosive driver launchers havée not
yet been used for meteoroid simulation, although they may be used in
the future because of. the more accurate simulation possible with a
higher velocity. A handicap of the explosive driver launcher is that
special facilities and techniques must be developed to handle the large
amount of high explosive used in each firing.

The light gas gun is, therefore, the only launcher capable of
routinely producing hypervelocity projectiles of variable dimensions,
mass, and velocity. However, the maximum velocity reaches only to the
lower limit of the velocities of meteoroids which can be expected by a
spaceship in earth orbit,

A contract was let to develop a light gas gun, according to
Materials Division specifications, to provide meteoroid simulation
capable of providing support for design activities. As a part of this
contract a third stage accelerator was developed to augment the velocity
capabilities of the basic light gas gun.

The light gas gun as supplied by the contractor launches a 0.5 inch
diameter projectile, The maximum velocity has not yet been attained
but is believed to be above 7.6 km/sec (25,000 ft/sec) for the primary
projectile., For meteoroid testing the 0.5 inch polycarbonate projectile
would be used as a sabot with a much smaller projectile of interest
imbedded in its front face. The sabot is destroyed and dispersed as it
emerges from the light gas gun barrel while the projectile is allowed
to travel to the target unimpeded.

Two approaches were tried by the contractor in developing a third
stage accelerator. The first approach was to use the first or primary
projectile to shock compress a gas to a very high pressure. This high
pressure and high temperature gas is then used to accelerate a second-
ary projectile which is much smaller than the primary projectile. In-
dications were that this approach was limited by energy losses from the
very high temperature gasses by radiation [5]. The second approach was
to try to simulate an elastic collision between the secondary projectile
and the relatively massive primary projectile by using a gas column as
the elastic medium. The thought was to avoid confining the gas and,
therefore, avoid increasing its temperature to a point where energy

4



losses become important. The results of this approach showed that in
all cases where the secondary projectile emerged intact it had a
velocity of 1.5 times that of the primary projectile [6].

These two approaches have produced a method of accelerating pro--
jectiles to 9.15 km/sec (30,000 ft/sec) using a basic light gas gun of
7.55 km/sec (25,000 ft/sec) capability. In addition, a method of com-
‘bining the two approaches has been conceived. It is believed that the
combination eliminates problems from each of the accelerators and allows
an/extension of the velocity range to more than 10.7 km/sec (35,000
ft/sec).

III, DESCRIPTION OF FACILITY

The Materials Division Meteoroid Simulation Facility is shown in
Figure 3. The view is from the breech end of the light gas gun hyper-
velocity launcher toward the barrel and the range tank.

The description of the facility will be divided into the following
four sections: the basic light gas gun, the sabot techniques, the
third stage accelerators, and the range tank.

A, Light Gas Gun

A schematic diagram of the basic light gas gun is shown in Figure
4, Physically the light gas gun consists of the following sections:
the breech, the pump tube, the high pressure section, and the barrel.
The breech is 3.5 inches inside diameter and two feet in length. It is
designed to withstand 50,000 psi internal pressure. However, during
routine testing the propellant is chosen to keep the pressure lower than
20,000 psi, The pump tube is 2.5 inches inside diameter and eight feet
long. The pump tube contains hydrogen gas in front of the polyethylene
piston (which is shown in its prelaunch position). The high pressure
section contains a taper from the pump tube to the 0.5 inch diameter
barrel, A metal diaphragm burst disc separates the high pressure section
from the barrel. The pressures generated by the hydrogen gas as it is
compressed by the piston and by the extrusion pressures as the poly-
ethylene piston is stopped are well beyond the elastic limit of the high
pressure section bore. These pressures decrease, however, with the in-
verse square of the radius of the high pressure section. The high
pressure section is 12 inches in outside diameter., This large diameter
ensures that there are always several inches of steel which have not
been subjected to pressures beyond the elastic limit. This elastic
outer area will then force the inside area back to its original shape
after the gas pressure is dissipated. The high pressure section is a
limiting factor in the performance of the light gas gun. Although the



high pressure section can withstand pressures beyond the normal elastic
limit, these pressures cannot be increased indefinitely because
horizontal extrusion of the steel will begin to occur.

The barrel is 0,5 inch in inside diameter by seven feet long. The
barrel also imposes a limitation on the performance of the gun. The
high pressure gases produced in the high pressure section also have
very high temperatures. This high temperature gas can erode the barrel
wall as it flows down the barrel behind the projectile. This is the
main reason why hydrogen is used in the light gas gun instead of helium.
Due to basic differences in molecular weight and in the ratio of specific
heats, hydrogen gas operates at one-fifth the temperature of helium gas
for equivalent performance.

The operation of the light gas gun occurs in the following manner.
The propellant is ignited by the application of electrical current to
an explosive squib. When the pressure generated by the burning pro-
pellant reaches a predetermined value, the piston is released, The
propellant accelerates the piston to 2,000 to 2,500 ft/sec. The hy-
drogen gas, which was loaded into the pump tube before firing is com-
pressed by the advancing piston. When the hydrogen pressure reaches a
predetermined value, the metal burst disc opens in a petalling fashion
along grooves accurately machined on the disc surface, The released
gas then begins to accelerate the projectile which was placed approx-
imately two inches from the burst disc. For best results a constant
pressure on the base of the projectile would be ideal, However, the
pressure behind the projectile has a tendency to drop as the projectile
accelerates. To compensate for this normal decrease, the pressure in
the high pressure section must be continuously increased during the
course of the acceleration. This is accomplished by the taper in the
high pressure section. As the piston extrudes into the taper, the
volume of gas gets smaller, Therefore, a fixed amount of forward move-
ment of the piston is much more effective in raising the pressure.
This taper has been designed to increase the pressure fast enbugh to
compensate for the decrease in pressure due to expansion into the
barrel, The amount of piston extrusion can be seen in Figure 5 which
shows a piston before and after a firing. The front surface, which
undergoes the most extrusion, actually becomes liquid and occasionally
flows into the barrel, The groove machined around the base of the piston
provides a method of extracting the piston from the high pressure
section after a launch.

There are four main variables which control the performance of a
light gas gun. They are the propellant mass, the piston mass, the hy-
drogen gas pressure, and the projectile mass. The propellant mass has
been the controlled variable in firings to date. The propellant mass
has been varied between 175 and 300 grams of standard M1l howitzer pro-
pellant., The piston mass and the hydrogen gas pressure have been kept



constant at 1,300 grams and 95 psia, respectively, The projectiles
have been either two or four gram cylinders of Lexan®, a polycarbonate.

B, Sabot Techniques

The 0,5 inch diameter Lexan projectile is not itself of interest in
simulating meteoroids. However, a smaller projectile of interest can be
accelerated to hypervelocities on the front face of the Lexan projectile.
In this situation the Lexan projectile is called a sabot., The con-
tractor was additionally asked to adapt standard sabot techniques to the
extremely limited existing range tank. The contractor's design has since
been modified as a result of in-house development.

There are several techniques which have been developed over the
years for separating a projectile from its sabot. Four of these
techniques are: (1) petalling-type air-opening sabot; (2) gas separator
tube with deflection ramp; (3) spinning segmented sabot; and (4) sabot
stripper. Previously, all of these techniques have been used in long
dump tanks in which the sabot fragments are allowed to disperse over a
long distance and then are trapped while the projectile goes through a
hole in the center of the trap and reaches the target. Only the sabot
stripping technique was considered capable of being adapted for use in
the existing (2-foot long) dump tank.

Figure 6 shows a schematic diagram of the sabot stripper and its
associated gas separator tube as delivered by the contractor. The sabot
and projectile are seen approaching the end of the light gas gun barrel,
The gas separator or compression tube is filled with helium gas at 90
psia contained by two Mylar** diaphragms which are 0.001 inch thick.

The stripper consists of four diametrically opposed tungsten pins and is
attached to the end of the gas separator.

After penetrating the first Mylar diaphragm, the sabot will ex-
perience a very strong retarding force generated by the gas which has
been shock compressed to a very high pressure by the hypervelocity im-
pact. The projectile does not see this force, however, because it is
totally immersed in the high pressure gas and sees no resultant force,
Therefore, the projectile should move past the stripper pins before the
decelerating sabot reaches them. This separation is for the purpose of
protecting the projectile from the damaging shock waves set up in the
sabot upon impact with the stripper pins. These shock waves completely
override the mechanical strength of both the sabot and the stripper pins
so that there is no longer any effective cohesive bonding. This shocked,
highly pressurized cloud of sabot debris will then expand in a radial
direction away from the line of flight of the projectile. This ex-
panding cloud is stopped by the sabot trap which is two feet downrange.

'Figure 7 is a photograph of a 0.5 inch diameter Lexan sabot.
* Product of General Electric Company ,
*%  Product of E, I. duPont de Nemours and Company



carrying a 1/8-inch diameter aluminum projectile, a sabot stripper pin
holder before a launch, and a sabot trap after a launch. The lines in
the debris pattern on the sabot trap correspond to the position of the
tungsten pins before the launch,

The stripper with gas separator as designed by the contractor has
been used on 16 in-house shots with aluminum projectiles. The results
have been very inconsistent. In seven of the shots the projectile was
off axis and was stopped by the sabot trap. In the remaining shots for
which a velocity could be calculated the velocities for identical pro-
pellant loading varied widely. In addition, only'one of the projectiles
emerged without being deformed. The conclusion was reached that the
projectile was not separating from the sabot with the result that the
projectile was also being decelerated and subjected to a strong shock as
the sabot impacted the pins.

When the conclusign was reached that the gas separator did not per-
form separation, the results of several earlier test shots were again
analyzed. The test shots consisted of projectiles in sabots but no gas
separators or strippers were used. The X-ray images showed that
separation took place even without a gas separator, The mechanism of
'separation in the test shots was postulated to be as follows: during
the launch the sabot is highly compressed by the acceleration, When
the sabot emerges from the barrel, the acceleration force is removed
and the sabot expands to relieve the compression., It is believed that
the expansion and subsequent unconstrained oscillations are sufficient
to separate the projectile from the sabot.

To make use of this natural separation the sabot stripper attach-
ment was redesigned, The new design is termed a free flight separator
and is shown in Figure 8. 'In place of the compression tube used in the
gas separator the free flight separator has a tube with a bore of 5/8
inch diameter which is larger than the bore of the barrel. This tube
allows the sabot to travel approximately 12 inches before it impacts .
the stripper pins.

Results have shown that use of the free flight separator has
directly solved the problem of velocity variation. The velocity is now
predictable from the light gas gun loading conditions and is no longer
dependent on variables associated with the gas separator tube. In
addition, the elimination of the gas separator tube variables has made
‘it possible to study the interaction between the sabot and projectile,
For instance, it was discovered that the aluminum projectiles being used
were definitely extruding unless fully cradled in a spherical seat.

Another problem with the sabot strippiﬁg mechanism which has not
been mentioned is the sabot debris which may follow the projectile to
the target. The degree of dispersion of the sabot debris is strongly



dependent on the shape of the stripper pins and the pin interference.
Research is continuing to improve the dispersion in an effort to .
completely eliminate the debris which may go through the projectile hole
in the sabot trap and impact the target. However, the debris which
reaches the target with the present design is so finely dispersed that

it normally cannot produce sufficient damage on the target to be confused
with the damage from the projectile,

C. Third Stage Accelerators

~ The term "third stage accelerator' is applied to the accessory
launching assembly which bolts onto the muzzle of the light gas gun.
For comparison, the first stage of the series is defined as the
acceleration of the piston by the burning propellant and the second stage
is defined as the acceleration of the primary projectile by the com-
pressed gas in the high pressure section. The third stage accelerators
are designed to accelerate a relatively light secondary projectile by
utilizing the kinetic energy of the primary projectile,

Two concepts for a third stage accelerator were developed and
tested under the development contract [5, 6]. Figure 9 is a schematic
diagram of the first concept. This is called a reduced area accelerator
because the secondary projectile is launched down a tube with a smaller
diameter than the barrel of the light gas gun. A gas such as helium is
contained in the compression tube by a Mylar diaphragm at the barrel end
and the secondary projectile at the other end. As the primary projectile
breaks the diaphragm and enters the compression tube, it raises the gas
pressure which releases the projectile and accelerates it. The differ-
ence-between this concept and the principle used in the second stage of
the light gas gun is that the primary projectile is traveling faster
than the speed of sound in the gas which it is compressing., Therefore,
the primary projectile produces a shock wave and the secondary pro-
jectile is subjected to a very strong pressure pulse, In addition, the
shock wave will reflect off the secondary projectile, go back to reflect
off the primary projectile, and travel forward again as an even. stronger
second pressure pulse., The conditions can be set up so that the second-
ary projectile is still in the launch tube when the second ‘and even
third shock waves reach it.

It was found that intact projectiles could be launched with this
reduced area accelerator up to a velocity of approximately 8.85 km/sec
(29,000 ft/sec). This limitation was believed to be due to the energy
losses which become important at the tremendously high pressures and
temperatures which are generated after two or three shock compressions.
It should be noted that all tests were made with a 1/16-inch diameter
launch tube except for two tests with a 3/16-inch diameter launch tube.

The study of the reduced area accelerator is continuing in-house.



It is believed that further testing will determine an optimum diameter
for the launch tube, Shots to date KHave experimented with various
types of projectile release mechanisms and with projectile dimensional
tolerances with respect to the launch tube diameter,
In an effort to circumvent the energy losses associated with the
reduced area accelerator, the second concept was developed. The second
concept was that of a constant area accelerator. Figure 10 is a
schematic diagram of the constant area accelerator. The description of
the operation of this accelerator is the same as that for the reduced
area accelerator. The difference lies in the disposition of energy in
the compressed gas. In the reduced area accelerator the gas is con-
fined in the compression tube as the kinetic energy of the primary pro-
jectile is converted to potential energy in the highly compressed gas.
The energy is then reconverted to kinetic energy as the gas expands
down the launch tube behind the secondary projectile. In the constant
~area accelerator the gas acquires kinetic energy immediately since it is
not constrained to one volume in space but is allowed to follow the
secondary projectile down the launch tube. It would be expected that
the elimination of one stage of energy conversion would make the con-
stant area accelerator inherently more efficient than the reduced area
accelerator. This was confirmed experimentally. In all valid tests of
the constant area accelerator, it was found that the secondary pro-
jectile emerged with a velocity of 1.5 times that which the primary
projectile had before it entered the compression tube. This indicated
that there were no energy limitations entering into the launch cycle

up to 9.45 km/sec (31,000 ft/sec) which was the highest velocity which
the secondary projectile could acquire without breaking up due to the
mechanical stresses during acceleration.

As can be seen in Figure 10, the secondary projectile in the com-
stant area accelerator must be a very thin flat disc¢ for minimum mass
compared to the primary projectile., Not only is this a mechanically

weak projectile but also it is not a shape which is useful for meteoroid
simulation.

The results of these tests combined with the results of experiments
on the extrasion of projectiles into reduced area bores [7] led to a
method in which it may be possible to reduce the size of the projectile
to a more useful shape and still make use of the concept of a constant
area. accelerator. This combination has been designated the tapered
entrance accelerator. Figure 11 shows a schematic diagram of the
tapered entrance accelerator.

It has been found [7] that Lexan will extrude into a taper even
at hypervelacities. A very useful feature of the extrusion process is
that the front face of the projectile actually accelerates and a section
will separate when the velocity differential becomes sufficient. It is
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believed that this accelerated and separated section of the primary pro-
jectile can be used as the driving piston in a constant area accelerator
with a bore much less than that of the basic light gas gun. This would
allow the projectile to be made much smaller in mass and also to be in
a cylindrical shape with a length to diameter ratio close to one. This
shape is very strong and also can be useful in meteoroid simulation. It
is estimated that with the added advantages of this tapered entrance
accelerator the velocity limit will be between 10.6 and 12.2 km/sec
(35,000 and 40,000 ft/sec). Experiments to test the concept of the
tapered entrance accelerator are planned.

D, Range

The range tank of the meteoroid simulation facility can be seen in
Figure 12, This view shows the range tank in the right hand side of
the picture., The range tank is divided into three sections: the dump
tank, the X-ray tank, and the target tank., The impact flash detector
can be seen attached to a Plexiglas* window on the target tank, Also,
the three pulse X-ray tubes can be seen attached to an external frame.
The three tubes are at 60 degree intervals around the line of flight
and each tube has its own long narrow window and its own X-ray film
cassette which is introduced through an opening in- the bottom of the
X-ray tank,

A schematic diagram of the range is shown in Figure 13. The
muzzle blast and the sabot debris are contained in the dump tank so
that the pressure pulses are kept away from the target as much as
possible,

After the projectile leaves the dump tank, it passes through the
muzzle detector which produces an electrical trigger pulse when the pro-
jectile breaks an infrared beam., The trigger pulse starts a succession
of three X-ray pulses as the projectile is traveling over the X-ray
film, This information is-used for making velocity measurements.

The flash detector on the target tank monitors the light output of
the impact. This information is used for making a redundant velocity
measurement,

At present the target tank is relatively small as can be seen in
Figure 12. The target must physically fit through a 10-inch diameter
port and be less than 10 inches deep. An enlarged target tank has been
designed and fabricated and will soon be attached to the range.

The new target tank has dimensions of 28 inches deep by 36 inches
wide by 48 inches high. The tank door is 27 inches wide by 27 inches
high. There are two opposing windows on either side of the projectile
line of flight which can be used for photographing the projectile impact.
* A product of Rohm and Haas Company
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A third port in the top of the tank can be used for multiple electrical
feedthrus when it is desired to instrument the target. The vacuum
system for the new tank is capable of 10™" torr. It will be possible
"to extend the vacuum capabilities to higher vacuum if it is required
for a specific test,

IV, INSTRUMENTATION

The firing and control instrumentation is located in the control
room adjacent to the room containing the light gas gun and range tank.
Figure 14 is a photograph of the instrumentation racks in the control
room. Shown in the relay rack on the right from top to bottom is the
following instrumentation: a pulsed X-ray control unit, an intercom
unit, and an oscilloscope used to display time varying signals such as
impact flash. From top to bottom the relay rack at left contains the
following: four one-tenth microsecond time interval counters; a switch
to close the vacuum valve on the range tank before firing, the firing
control panel, and the electrical cable patch panel. Seen on the back
wall is the gas loading panel used to charge the pump tube with hydro-
gen gas prior to firing,

The description of the instrumentation will be broken down into
the specific systems and the functions which they perform. The systems
which will be described are the following: the piston velocity de=-
tector, the muzzle detector, projectile velocity detector, impact flash
detector, and crono-detector. In addition a photographic system which
is presently on order will be described,

A, Piston Velocity Detector

The piston velocity detector is a system for measuring the velocity
of the first stage piston just before it enters the high pressure section.
This detector is used mainly as a diagnostic tool and is not used on
every firing. The measured piston velocity in a given firing gives a
more accurate estimate of the velocity of the primary projectile than
does the propellant mass. This feature is used for calculating the
velocity augmentation when using third stage accelerators since the
primary projectile is either destroyed or decelerated, This detector
has also been used to determine whether or not a variation in projectile
velocity for identical loading conditions is due to some variable in the
first stage of acceleration.

A schematic diagram of the piston velocity detector is shown in
Figure 15. The three probes for the detector are near the end of the
pump tube and are spaced one foot apart. Essentially, the probe is a
central wire insulated from a surrounding tube which is at ground
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potential., The probe is designed to seal against the pressure which
builds up in front of the piston., As the piston travels down the pump
tube, it successively will deform each probe so that the central wire
is electrically shorted to ground.

When the probe is shorted a capacitor charging current will flow
through the gate of a silicon controlled rectifier (SCR), Upon
‘application of the gate signal, the SCR will go from the non-conducting
state to the conducting state. Simultaneously, the potential at the
cathode of the SCR will drop from the battery voltage to very near
ground potential, Since the turn-on time of an SCR is approximately
one microsecond, the voltage drop can be considered as a step function
when compared to approximately 500 microseconds between probe signals.
The battery voltage and dropping resistors are chosen so that sufficient
current will flow through the conducting SCR's to keep them in the con-
ducting state indefinitely,

The voltage changes at the cathodes of the SCR's are used to
trigger the inputs of two time interval counters, The start input .of
counter number one is triggered when SCR number one begins to conduct
as the piston shorts out probe number one, The counter will count
pulses from an internal 10 megahertz clock until it is stopped by a
voltage change at the anode of SCR number two. Counter number two will
start and stop when the piston shorts out probe numbers two and three,
respectively. The time it takes for the piston to travel two successive
one foot intervals, therefore, is displayed on the time interval counters
in microseconds. The velocity in feet per second is simply calculated
as the inverse of the time interval. The velocities of pistons measured
to date have ranged from 1,800 to 2,200 feet per second.

This detector was designed for the purpese of solving an immediate
problem in projectile velocity variatien. The circuit was kept .
relatively simple to avoid a prolonged detector development delay. The
simplicity could be tolerated in this detector because the slow speed
of the piston does not require exceptionally high speed circuitry. This
detector has now been in use for several months and has been found to be
very reliable and simple to use.

B, Muzzle Detector

The muzzle detector is a system which detects the passage of the
projectile and provides an output trigger for synchronizing other
electrical systems. As was shown in Figure 13 the muzzle detector is
positioned in the up-range end of the X-ray tank. The projectile must

traverse the dump tank and pass through the sabot trap before it reaches
the muzzle detector.

A block diagram of the muzzle detector is shown in Figure 16. The
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detecting element is a photo-resistive diode on which is focused the
light from a GaAs infrared light emitting diode. The muzzle detector
is positioned so that the projectile will break the light beam. The
photo-resistive diode is chosen so that its speed of response is
sufficient to register the passage of a hypervelocity projectile. The
resultant voltage change across the photo-resistive diode is amplified
and converted to an output pulse capable of triggering other electronic
equipment., The output trigger is a positive 45 volt pulse with a rise
time of 20 nanoseconds.

The muzzle detector also contains a test modulator which drives
the light emitting diode to Bimulate the passage of a projectile. This
provides a means of adjusting the sensitivity of the system to detect
projectiles of various diameters and velocities.

C. Projectile Velocity Detector

The projectile velocity detector is a system for making three
consecutive measurements of the projectile position with respect to
time. The three measurements give two independent determinations of
the projectile velocity. The velocity is calculated as the distance
traveled between two measurements divided by the time between the
corresponding measurements,

A.block diagram of the projectile velocity detector is shown in
Figure 17. The three pulsed X-ray units provide the position information
while two time interval counters provide the time between X-ray images,
The electrical trigger from the muzzle detector is used to simultaneously
start the three time delay generators, Each time -delay will trigger
one of the pulse type X-ray tubes dfter a preset delay. The delays are
set before the shot so that the X-ray pulses will record three successive
images of the projectile as it travels down the line of flight. Each
X-ray pulse is recorded on individual X-ray film. Each pulse illuminates
an area of one inch by 18 inches long.- A fiducial line which is the im-
age of a thin wire is common to all three films, The fiducial line is
used as a reference for making position measurements.

As each X-ray tube fires, a simultaneous signal is sent to the time
interval counters. Each counter measures the time between two success-
ive X-ray pulses, These counters measure down to one tenth of a micro-
second. Since it is not expected that the time between pulses will
ever be shorter than 10 microseconds, the time ‘interval for the velocity
measurements can be considered accurate to one per cent or better.
Similarly, the accuracy of the position measurements is kept at approx-
imately one per cent by measuring down to one millimeter and keeping
successive images at least 10 centimeters apart, The X-ray pulse is
only 70 nanoseconds long which is sufficiently short to eliminate blur
due to movement of the projectile., It should be noted that a correction
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is made to the position measurements because of parallax between the
projectile line of flight and its image on the film which is 6.35 cm
away.

Figure 18 is a print of two X-ray negatives showing two types of
sabots and projectiles. The stripper pins and sabot trap were not used
in these tests.

D. Impact Flash Detector

On€e feature of hypervelocity impact is that a very short but bright
flash of light is emitted upon impact. The impact flash detector uses
a very high speed photodiode as a sensing element. The output of the
photodiode is amplified sufficiently so that the signal can be dis~
played on an oscilloscope. The oscilloscope is triggered by the muzzle
detector. At present the impact flash information is being used mainly
for a redundant projectile velocity measurement. However, the impact
flash also gives information about the arrival of sabot debris at the
target. It can be determined whether there was a large amount of de-
bris and also whether it arrived at the target before or after the
projectile. ‘

E, Crono-Detector:

The crono-detector is another system for a redundant velocity
measurement used when another layer of material will not affect the
target damage. The sensing element called a crono-card. is similar to a
capacitor. Two conductive surfaces are applied to a thin insulating
sheet and a voltage difference applied. When this sheet is penétrated’
by the projectile a cloud of ionized gas is formed and a discharge
occurs between the two charged surfaces, This discharge pulse is
amplified and displayed on an oscilloscope. Two types of crono-cards
have been used. One type has closely spaced conductive lines which have
been deposited on thin paper while the other type is very thin doubly
aluminized Mylar. .

F., Photographic System

In many cases a dynamic analysis of an impact is of great value in
assessing target damage. This is especially true for targets which have
more than one layer of material such as meteoroid bumper configurations.
For this reason a system capable of making sequential photographs of a
hypervelocity impact has been obtained.

The system consists of six imaging devices arranged around a multi-
faced prism so that all six images see identical views through a single
optical lens, Each imaging device consists of an image converter tube
and a Polaroid film holder. An image converter tube operates in the
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following manner: when an optical image is focussed on the front face
of the tube, a corresponding electron cloud is produced by photo-
emission, This electron cloud with a density distribution identical to
the original optical image is then accelerated toward the rear face of
the tube by a high voltage pulse. When these high energy electrons hit
the phosphor-coated rear facej light is emitted in direct proportion

to the eleetron density. This slightly enhanced image is then recorded
on Polaroid £ilm,

The usefulness of the image converter is not in the enhancement
of the image but in the fact that an image can be produced even with
extremely fast high voltage pulses. This system' is capable of pro-
ducing exposures as short as five nanoseconds which is fast enough to
stop motion in a hypervelocity impact. In addition to the variable
exposure times, the system will have variable interframe delay times
ranging from five nanoseconds to 50 microseconds. This makes possible
an equivalent framing rate up to 100,000,000 frames per second. The
interframe times can be controlled individually to provide a picture
sequence which yields the maximum information from a specific projectile
and target,

The basic optics of the system produce a 2.5 inch diameter image of
a 7-inch diameter object, Accessory close-up optics will provide a 1:1
image to object ratio, The necessary light sources are of high in-
tensity capable of producing the illumination needed for the extremely
short exposure times,

With this system it will be possible to analyze the effectiveness
of meteoroid bumper configuration in breaking up a projectile and dis-
persing the debris. In addition the reaction of the target or insulation
can be seen,

V. Results

The primary information from the hypervelocity launches performed
during the proof and development phase of operation of the Meteoroid
Simulation Facility are summarized in Table II. Included in the table
are the following items: the mass of propellant used, the resulting
velocity, projectile information, and any special remarks. There have
been three major changes in the light gas gun or its operation which
should be noted. These are a change in the pump tube loading gas, a
‘change in barrel diameter, and a change in projectile mass, The first
- change was the conversion of the pump tube loading gas from helium to
hydrogen. This conversion took place after shot 21 when hydrogen was
approved for use.in the Meteoroid Simulation Facility., Although the
velocity for identical propellant mass was raised slightly by using the
lighter gas, the prime reason for the conversion was that hydrogen has
a much'lower temperature than helium for the same.performance. Con-
sequently, there is much less erosion of the metal at the barrel entrance.
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The second major change in the light gas gun was the replacement
of the old, much used, and previously enlarged 0.63 inch diameter
barrel with a new 0.50 inch diameter barrel. This replacement took
place after shot 38. The fact that the replacement with a correctly
sized barrel did not immediately raise the velocity is not surprising
because projectiles of the same mass were being fired. With the 0.63
inch diameter barrel a 4.0 gram projectile had a length to diameter
ratio of approximately one while a 4.0 gram projectile in the 0.5
inch diameter barrel had a ratio of approximately two.

. The third change in the operation of the light gas gun brought
the length to diameter ratio of the projectile back to one. This
reduction in length results in a projectile of 2.0 grams. The 2.0

gram sabot was used in all shots after number 44, As it can be
seen in Table II, this last change had the greatest effect on the
velocity. Velocities of more than 7.0 km/sec¢ (23,000 £t/sec) are
now being reached routinely with only 240 grams of propellant.

The firings during this proof and development phase of the
operation of the meteoroid simulation facility were devoted to
increasing the velocity attainable with the light gas gun and associated
third stage accelerator while at the same time producing projectiles
which are not damaged during the launch cycle and are of a shape
applicable to meteoroid simulation. Shown in Figure 19 is a graph of
velocity versus propellant mass for the different firing conditions.
Curves are shown for the 0.63 inch diameter barrel both with helium
and with hydregen as the driving gas and the 0.50 inch diameter barrel
with sabot stripper using both the gas separator and with the free
~flight separator. Some judgement was used in cheosing the points which
produced these curves because most of the firings were designed to
test new techniques and obviously were not indicative of results which
can be expected under optimum conditions. The top curve will be used
for predicting projectile veloecities for future firings. It should
be noted that velocities in excess of 7.65 km/sec (25,000 ft/sec) are
expected since the light gas gun has already been fired with 300
grams of propellant (shot 36) and only 240 grams of propellant is
needed to produce 7.0 km/sec (23,000 ft/sec) (shot 60).

The sabot stripper technique has been shown in shots 44 through 63
to be useful in yielding small projectiles with velocities up to 7.0
km/sec (23,000 ft/sec). The projectiles used in these tests were 1/8
inch diameter spheres of 1100 series aluminum. It was found that this
relatively soft aluminum will extrude under the launch acceleratiom
unless fully cradled in a spherical seat. However, it was found that a
deep spherical seat raises the probability of a projectile being
forced off the center line and impacting the sabot trap. Future
testing will be used to determine the optimum depth of the spherical
seat for aluminum projectiles. Stronger materials are not expected
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to have this extrusion problem.

The extrusion of the aluminum may have been the cause for the poor
results when using the gas separator tube. The projectile tended to
have a variable velocity lower than expected and alsp the projectile
quite often was forced off of the center line during the stripping
operation., These two facts would be explained if the aluminum extruded
into its seat in the sabot and would not separate upon entering the
gas separator tube. Future tests with different materials will clarify
this point.

Two firings with the constant area accelerator and four firings
with the reduced area accelerator were made during this phase. The
constant area accelerators used in shots 4 and 6 were supplied by the
contractor and fired relatively heavy discs. The reduced area
~accelerators (shots 17, 18, 21, and 37) were new designs produced in
the in-house research program. The attainment of a projectile with
a velocity of 7.68 km/sec (25,200 ft/sec) after the third design im-
provement was encouraging, The development of improved accelerators
will be speeded as the problems associated with the basic light gas
gun are solved,

Targets of many different kinds have been used to stop the pro-
jectile. The prime purpose of the targets has been to yield information
on the performance of the light gas gun and the accelerators. There
were, however, several shots in which the target yielded interesting
results,

Figure 20 shows the target used in shot 24. The target is one inch
thick case hardened 4140 steel and the projectile was a four gram
cylinder of Lexan travelling a 5.10 km/sec (16,700 ft/sec). The left
view shows the crater produced by the projectile and the right view
shows the spalled area on the rear face. With the 4 gram Lexan pro-
jectile spall occurs at all velocities higher than 4.11 km/sec (13,500
ft/sec).

Figure 21 shows the target used in shot 11, The target is one inch
thick steel protected by 0.062 inch thick aluminum bumper at a five inch
standoff. The interest here lies in the circular symmetry of the pattern
on the target. The projectile was four grams of Lexan and was travelling
at 4,31 km/sec (14,100 ft/sec). The deformation of the bumper was not
due to the projectile impact but was due to the pressure pulse generated
between the bumper and the target by the complete vaporization of four
grams of Lexan, This pressure pulse was a feature of all shots in which
the large projectile was used.

Figure 22 shows the target used in shot 55 for which the stripper
was used. The projectile was a 0.047 gram sphere of aluminum traveling
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at 6.75 km/sec (22,100 ft/sec). The 0.012 inch thick aluminum bumper
was separated from the aluminum target by 2.5 inches. It can be seen
that the bumper broke the projectile into many small droplets and spread
these over a relatively large area. The holes in the bumpér other than
the circular projectile hole are due to sabot debris which got through
the sabot trap because of incomplete dispersion. Although the debris
can penetrate a bumper it does negligible damage on the target as was
seen on several shots in which the projectile was off axis and hit the
sabot trap. Research is continuing in an effort to completely eliminate
the debris, however, because the debris may introduce complications
other than direct damage to the target. Figure 23 shows the bumper and
target used in shot 50 in which an unusual effect occurred. The crater
in the target is the same as that which would occur if no bumper was
there. It is postulated that some sabot debris ahead of the aluminum
projectile made a hole in the bumper through which the projectile
traveled undamaged.

VI. CAPABILITIES

The capabilities of the Meteoroid Simulation Facility will be
described by summarizing the capabilities of the individual items of
apparatus and instrumentation described earlier and by relating these
to simulation test programs.

The basic light gas gun has been shown to be extremely versatile
both for simple meteoroid simulation and for research in velocity aug-
mentation. The light gas gun is capable of launching projectiles from
1/2 inch in diameter down to 3/32 inch in diameter by using the accessory
sabot stripper. There is no evidence of a projectile density limitation
although projectiles with high ductility may require special care in
launching. The reduced area accelerator will launch cylindrical pro-
jectiles with various diameters normally below 0.25 inch., The con-
stant area accelerator will launch flat disc shaped projectiles of 0.5
inch diameter and thickness normally less than 0,05 inch,

After launch, the projectile is detected and photographed on three
successive X-ray plates. The three images yield two independent
measurements of the projectile velocity which are accurate to approx-
imately two percent. 1In addition the images can be used to determine
whether the projectile has been damaged or deformed.

A photographic system is able to give six sequential photographs
of an impact process with a variable framing rate up to 100,000,000
frames per second and variable exposure times down to five nanoseconds.
This system also is capable of studying the target reaction after the
impact. -
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The target tank presently being installed will accept targets up
to 26 inches deep which will fit through a 27 inch by 27 inch door.
Windows on the tank provide for photographing the last 20 inches of the
projectile line of flight. If necessary, it is possible to instrument
and monitor the target with strain gages, pressure gages, and accelero-
meters. The vacuum in the target tank is in the 104 torr range.

This facility is technically capable of performing two shots per
eight hour day. This is the minimum time needed to perform the
following sequence of steps: prepare and install the projectile, tar-
get, X-ray cassettes, and sabot stripper attachment or accelerator;
prepare the propellant charge; evacuate the range, gas load the pump
tube, and fire the light gas gun; clean the pump tube, barrel and range
tank; and develop the X-ray plates.

VII. CONCLUSIONS

1. The basic light gas gun now in routine operation can propel a
0.5 inch diameter, 2 gram, Lexan projectile to more than 7.65 km/sec
(25,000 ft/sec).

2, The reduced area accelerator is capable of launching a small
cylindrical projectile at velocities up to 9.85 km/sec (29,000 ft/sec).
Research is comtinuing on this concept te provide projectiles more
suitable to a simulation test program.

3. A new projectile release mechanism with improved performance
has been developed for use in the reduced area accelerator.

4. The tapered entramce accelerator can launch projectiles of
useable size for a simulation test program. Research on this concept is
continuing,

5. The sabot stripper and gas separator has been found to be

capable of launching small spherical projectiles but with an uncontrolled
velocity and a low probability of a successful target impact.

6. The free flight separator for the sabot stripper has removed the
velocity fluctuation and significantly improved the probability of a
successful target impact. Additionally, the velocity,(gsing this
technique, is higher than that of the gas separator. (

7. The minimum size projectile recommended for use with the sabot
stripper is 3/32 inch in diameter. No projectile density limitation
has been found but materials of high ductility such as 1100 series
aluminum require special care.
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8. The piston velocity detector gives a more accurate measurement
of the projectile velocity than is possible from a prediction based on
propellant mass, This detector is useful in trouble shooting and also
in accelerator shots where the primary projectile is either stopped or
slowed.

9., The projectile velocity detector measures velocity tovtwo”pér-
cent or better accuracy. In addition, the X-ray photographs give in-
formation on projectile integrity and geometry in flight,

10. The photographic system is .capable of yielding six pictures of
the impact process at a variable rate up to 100,000,000 frames per
second.,

11, The target tank being installed is 28 x 36 x 48 inches in
size and will be evacuated down to 10~ torr. The tank will accept any

target which will fit through a 27 x 27 inch door and is less than 26
inches long.

12, The Materials Division Meteoroid Simulation Facility is

technically capable of performing two hypervelocity firings per eight
hour day. '
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TABLE 1

SUMMARY OF DIFFERENT TYPES OF HYPERVELOCITY LAUNCHERS

Hypervelocity Maximum Velocity Projectile
Launchers km/sec ft/sec Description
Light Gas Guns 9,15 30,000 Single discrete pro-

jectile, 1/16 inch
diameter and up

Explosive Driver 12,2 40,000 Single discrete pro-
jectile, 1/16 inch
diameter and up

Exploding Foil 9.15 30,000 Plastic, large diameter
to thickness ratio

Shaped Charge Jets 15.2 50,000 Random mass, small
diameter to thickness
ratio

Electrostatic 15.2 50,000 Multiple, microgram

Accelerator projectile

Drag Accelerator 15.2 50,000 Multiple, microgram
projectile
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MASS2m IN NEAR EARTH ORBIT
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FIGURE 18. X-RAY IMAGES OF TWO TYPES OF .
SABOT AND PROJECTILE CONFIGURATIONS
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